The Standard Quantum Limit in continuous monitoring of a system is given by the trade-off of shot noise and back-action noise. In gravitational-wave detectors, such as Advanced LIGO, both contributions can simultaneously be squeezed in a broad frequency band by injecting a spectrum of squeezed vacuum states with a frequency-dependent squeeze angle. This approach requires setting up an additional long base-line, low-loss filter cavity in a vacuum system at the detector's site. Here, we show that the need for such a filter cavity can be eliminated, by exploiting EPR-entangled signal and idler beams. By harnessing their mutual quantum correlations and the difference in the way each beam propagates in the interferometer, we can engineer the input signal beam to have the appropriate frequency dependent conditional squeezing once the out-going idler beam is detected. Our proposal is appropriate for all future gravitational-wave detectors for achieving sensitivities beyond the Standard Quantum Limit.
Background and Summary.-Detection of gravitational waves from merging binary black holes (BBH) by the Laser Interferometer Gravitational-wave Observatory (LIGO) opened the era of gravitational wave astronomy [1] . The future growth of the field relies on the improvement of detector sensitivity, and the vision for ground-based gravitational-wave detection is to improve, eventually by a factor ∼30 in amplitude in the next 30 years [2, 3, [5] [6] [7] . This will eventually allow us to observe all BBH mergers that take place in the universe, thereby inform on the formation mechanism of BBH, the evolution of the universe [5, 7] , and the way gravitational waves propagate through the universe [8, 9] . Higher signal-to-noise ratio observations of BBH will allow demonstrations and tests of effects of general relativity in the strong gravity and nonlinear regimes [10, 11] . Besides BBH, gravitational waves from neutron stars are being highly anticipated, as well as an active program of joint EM-GW observations [12, 13] . Finally, improved sensitivity may lead to detections of more exotic sources [14] , as well as surprises.
A key toward better detector sensitivity is to suppress quantum noise, which arises from the quantum nature of light and the mirrors, and is driven by vacuum fluctuations of the optical field entering from the dark port of the interferometer [15] [16] [17] [18] . There are two types of quantum noise: shot noise, the finite displacement resolution due to the finite number of photons, and the radiation-pressure noise, which arises from the photons randomly impinging on the mirrors. In the broadband configuration of Advanced LIGO, we measure the phase quadrature of the carrier field at the dark port, the quadrature that contains GW signal. In this case, shot noise is driven by phase fluctuations of the incoming optical field, while radiation-pressure noise is driven by amplitude fluctuations. The trade off between these two types of noise, as dictated by the Heisenberg Uncertainty Principle, gives rise to a sensitivity limitation called the Standard Quantum Limit (SQL) [2, 5, 20] .
One way to improve LIGO's sensitivity with minimal modification to its optical configuration is to inject squeezed vacuum into the dark port [18, [22] [23] [24] . More than 10 dB of squeezing down to audio side-band frequency (10 Hz to 10 kHz) has been demonstrated in the lab [10, [25] [26] [27] [28] [29] , while moderate noise reductions have been demonstrated in the large-scale interferometers GEO 600 [31] and LIGO [32] . However, squeezed vacuum generated by a nonlinear crystal via Optical Parametric Amplification (OPA) is frequency-independent for audio sidebands: within the GW band, we can only "squeeze" a fixed quadrature -fluctuations in the orthogonal quadrature are amplified by the same factor, as required by the Heisenberg Uncertainty Principle. This does not allow broadband improvement of sensitivity beyond the SQL [2, 33] such as the example shown in Fig. 1 ; instead, a frequency-dependent quadrature must be squeezed for each sideband frequency. Starting off from frequency-independent squeezing, we must rotate the squeezed quadrature in a frequency-dependent way [2, 34] ; for the broadband configuration of Advanced LIGO, this rotation angle needs to gradually transition by π/2 at a frequency scale of 50 Hz [35] . Kimble et al. [2] proposed to achieve such rotation by filtering the field with two Fabry-Perot cavities; Khalili further showed that it is often sufficient to use one cavity FIG. 1: Sensitivity of a AdvLIGO type gravitational wave detector driven by squeezed vacuum (6 dB squeeze degree is chosen for comparing the 5% input/output loss case in Fig. 4 ) with a fixed squeezing angle. The red, purple and blue curves describe the cases when squeezed light is injected with squeezing angle 0(corresponding to an amplitude squeezed vacuum), π/4 and π/2, respectively. The black curve is the case when there is a frequency dependent squeezed vacuum injection.
with bandwidth and detuning (from the carrier frequency) roughly at the transition frequency [4, 37] . However, the narrowness of the bandwidth requires the filter cavity to be long in order to limit impact from optical losses; the current plan for Advanced LIGO is to construct a ∼ 16 m filter cavity [35, 38, 39] , and ∼ 300m long cavities have been studied for KAGRA [40] and for the Einstein Telecscope [41] . Alternative theoretical proposals for creating narrowband filter cavities were also discussed, they are strongly limited by thermal noise and/or optical losses [42] [43] [44] .
In this paper, we propose a novel strategy to achieve broadband squeezing of the total quantum noise via the preparation of EPR entanglement and the dual use of the interferometer as both the GW detector and the filter, eliminating the need for external filter cavities.
As shown in Fig. 2 , our strategy is divided into 4 steps. (i) We detune the pumping frequency of the OPA away from 2ω 0 (where ω 0 is the carrier frequency of the interferometer) to ω p = 2ω 0 + ∆, with ∆ an rf frequency of a few MHz, creating two EPR-entangled beams: the signal beam around the carrier frequency ω 0 , and the idler beam around ω 0 + ∆. (ii) The idler beam, being far detuned from the carrier, sees the interferometer as a simple detuned cavity, and experiences frequency-dependent quadrature rotation, see Fig. 3 , which can be optimised by adjusting ∆ with respect to the lengths of interferometer cavities. (iii)
When traveling out of the interferometer, the collinear signal and idler beams are separated and filtered by the output mode cleaners and measured by beating with local oscillators at frequencies ω 0 and ω 0 + ∆, respectively. (iv) The homodyne measurement of a fixed quadrature of the out-going idler beam conditionally squeezes the input signal beam in a frequency dependent way, thereby achieving the broadband reduction of quantum noise. Practically, benefit of the conditional squeezing of the signal beam is obtained as we apply a Wiener filter to the photocurrent of the idler and subtract it from the photocurrent of the signal beam. Without optical losses, using parameters in Table II (with a 15 dB squeezed vacuum in particular), we obtain the solid black curve in Fig. 4 , with ∼11-12 dB improvement over the entire frequency band. We shall next discuss more details of the configuration, as well as the impact of optical losses; further details are provided as Supplementary Materials. EPR entanglement by detuning the OPA.-For an OPA pumped at ω p , it is often convenient to study quadrature fields around ω p /2, which are linear combinations of upper and lower sideband fields at ω p /2 ± Ω, with ζ quadrature defined by:
Hereĉ ω andĉ † ω are the annihilation and creation operators for the optical field at ω; we will useĉ 1,2 to stand for c 0,π/2 , andĉ ζ =ĉ 1 cos ζ +ĉ 2 sin ζ. For a squeeze factor r and squeeze angle θ, the orthogonal quadraturesĉ θ and c θ+π/2 have uncorrelated fluctuations, with spectra given by
Compared with vacuum, fluctuations inĉ θ are suppressed by e 2r , and those inĉ θ+π/2 are amplified by e 2r . This is due to the entanglement between the upper and lower sidebands, ω p /2 ± Ω, generated by the optical nonlinearity. However, any pair of sideband fields with frequencies ω 1 and ω 2 within the squeeze bandwidth (usually >MHz) from Table II ), assuming no loss (black), and assuming arm-cavity loss c = 100 ppm and signal recycling cavity loss SRC = 2000 ppm, plus an identical input and output loss of 1% (red), 5% (blue) and 10% (purple). Lower panel: The sensitivity improvement factor measured in terms of dB.
ω p /2, and satisfying ω 1 +ω 2 = ω p , are entangled; in particular, for the proposed OPA ( Fig. 2 ) with pumping frequency ω p = 2ω 0 + ∆, we have entanglement between ω 0 + Ω and ω 0 + ∆ − Ω, as well as ω 0 − Ω and ω 0 + ∆ + Ω, as shown in the upper panel of Fig. 5 . As it turns out, this entanglement is equivalent to an EPR-type entanglement [45] [46] [47] between quadratures around ω 0 [consisting of ω 0 ±Ω sidebands, denoted byâ ζ (Ω)] and those around ω 0 +∆ [consisting
In terms of the four fields, (â 1 ±b 1 )/ √ 2 and (â 2 ±b 2 )/ √ 2, they are mutually uncorrelated, and have spectra
In other words, for r > ∼ 1, fluctuations inb 1 −â 1 andb 2 +â 2 are both much below vacuum level, as in the original EPR situation. In this way (lower panel of Fig. 5 ), if we detectb θ =b 1 cos θ +b 2 sin θ, we can predictâ −θ =â 1 cos θ −â 2 sin θ with a very good accuracy, while not providing any information forâ π/2−θ . More precisely, given measurement data of the idler quadratureb θ , the signal beam will be conditionally squeezed, with conditional spectra
where the squeeze angle is −θ, and the squeeze factor is (log cosh(2r))/2. For significant squeezing, e 2r 1, this corresponds to 3 dB less squeezing than before detuning the pump field. Improvement of Detector Sensitivity.-As shown in Fig.1 , after signal beamâ 1,2 and idler beamb 1,2 are fed into the interferometer, we detect phase quadratures of the out-going signal and the idler beams, A 2 and B 2 , after they are separated and filtered by the output mode cleaners (Fig. 2) . For the signal beam (upper panel of Fig. 3 ), we have [2] :
which consists of shot noise, radiation-pressure noise, and signal, with β = arctan(Ω/γ), where γ is the bandwidth of the interferometer seen by the signal beam,
and Θ = [8ω 0 I c /(mLc)] 1/3 . Here we need to squeeze the a [− arctan(1/K)] quadrature of the input signal beam, which requires detecting b arctan(1/K) . If we detect B 2 , we will need the interferometer (lower panel of Fig. 3 ) to apply a rotation of Φ rot = arctan K to the idler beam so thatB 2 =b arctan(1/K) . This can be realized approximately by adjusting the detuning ∆ and the length of signal-recycling cavity and arm cavity (see Supplementary Material for details), if Θ γ. To achieve the sensitivity provided by conditional squeezing, we need to compute the best estimate ofÂ 2 fromB 2 , and subtract it fromÂ 2 . If a rotation by Φ rot is realized exactly, we will have a noise spectrum of
where conditional squeezing provides a cosh 2r suppression. In reality, we get less suppression since the interferometer, acting as a single cavity, does not exactly realize Φ rot for the idler beam. In Fig. 4 , the black curve shows the actual noise spectrum for parameters in Table II .
Discussions.-In Fig. 4 , we plot noise spectra of interferometers with optical losses. In particular, we include losses in the arm cavities, at the input port, and during readout. As it turns out, the current 100 ppm arm cavity loss and 2000 ppm has only a small effect on the noise (for details, see Supplementary Material). When the input loss and the readout loss are both around 10%, the sensitivity improvement is only roughly 3 dB, which corresponds to an amplitude improvement ∼ 1.4. However, for a lower loss of 5%, which is promising in the near future [6, 35, 48] , we can gain 6 dB or a factor of ∼ 2 improvement in amplitude. This corresponds to an increase of sensitive sky volume by a factor of 8. Compared to the traditional scheme with a filter cavity [35] , our input and detection losses are doubled, because signal and idler beams experience the same amount of loss during propagation. Although we do suffer less from loss in the filter cavity compare to the design based on an auxiliary filter cavity (since arm cavities have less loss), this higher level of input and detection losses is the price we have to pay in this scheme for eliminating the additional filter cavity.
SUPPLEMENTARY MATERIAL DERIVATION OF THE SENSITIVITY FORMULA
First, for each audio-sideband frequency Ω, the field input-output relations of the squeezer (the pumped OPA) can be written as:
whereâ andb describe the generated signal and idler fields near ω 0 and ω 0 ± ∆, respectively. The fieldsâ in ,b in represent the vacuum fields entering into the squeezer. The phenomenological coefficient µ and ν are determined by the χ (2) −nonlinearity coefficient of the crystal and the pumping field strength [1] . Field commutation relation requires them to satisfy the relation |µ 2 | − |ν| 2 = 1. Since the phase of µ and ν can be absorbed into the definition of creation and annihilation operators, we can parametrise them as µ = cosh r and ν = sinh r, where r is usually denoted to be the squeezing degree of the OPA. In the so-called two-photon formalism where we define:
the relations in Eq. (8) then can be represented in another form (in the following,â 1,2 (Ω) andb 1,2 (Ω) will be simply written asâ 1,2 andb 1,2 ):â
(theâ in1,2 ,b in1,2 are defined in the same way as Eq. (9)). EPR-type commutation relation [â 1 −b 1 ,â 2 +b 2 ] = 0 allows the existence of the state in which the fluctuations of quadrature combinations (â 1 −b 1 )/ √ 2 and (â 2 +b 2 )/ √ 2 are much below the vacuum level. Thereforeb 1 is correlated withâ 1 whileb 2 is correlated with −â 2 . Thereforê a −θ =â 1 cos θ−â 2 sin θ correlates withb θ =b 1 cos θ+b 2 sin θ. When we do conditioning by combining the measurement results of signal and idler fields, we assume the measurement result of the idler field quadratureb θ is filtered with a filtering gain factor g and then combined with the signal field quadratureâ −θ , leads to:
It is easy to show that the spectrum ofâ g −θ is:
For realising an optimal filtering (which is the so-called "Wiener filtering") so that Sâ g
takes its minimum value, we can solve δSâ g −θâ g −θ /δg = 0, which leads to the Wiener filter gain factor g opt and conditional squeezing spectrum:
In laser interferometer gravitational wave detectors, we have the input-output relation for quantum noise field in the signal channel as [2] :Â
whereÂ 2 is the phase quadrature of the signal fields propagate out of the interferometer and ξ = − arctan 1/K. If we want the phase quadrature of the idler fields out of the interferometerB 2 to maximally correlate withÂ 2 in Eq. (15), thenB 2 =b arctan 1/K (besides an unimportant phase factor α accumulated by sidebands of the idler field during its propagation ). Therefore, the rotation angle of the idler field Φ rot by the interferometer defined in
is given as Φ rot = arctan K. Similarly, when combing the measurement results of signal and idler channel, we have:
Variation with respect to filter gain factor g leads to the Wiener filter and minimum variance given as:
Considering the signal field as:
, we can recover the Eq. (7) of the main text:
PARAMETER SETTING
Requirements
Our conditional squeezing scheme is based on the cancelation of the results from signal beam detection and idler beam detection. If the squeezer's squeezing level is high, the parameter error will have a significant effect on the final squeezing level. For example, the effect of variation of the idler rotation angle to the sensitivity is roughly given by:
For a 15 dB squeezer as shown in the main text, the ratio between the correction term and the exact value is roughly ≈ 249δΦ 2 . Therefore even a 10% relative correction to the noise spectrum requires the error of the rotation angle to be as small as 0.02 rad. This simple estimation tells us that it is of great importance to search the suitable parameters for our proposed scheme.
In our design, the signal field sees an interferometer working in the resonant sideband extraction mode while the idler field sees the interferometer as a filter cavity. This filter cavity should rotate the idler field in its phase space by an angle Φ rot = arctan K. Generally, for realising such a rotation angle, two filter cavities are required [2] (for a more general discussion, see [3] ). However, when the signal field works in the resonant sideband extraction mode, the interferometer has a relatively large bandwidth so that K can be approximated around the transition frequency as:
In this case, only one filter cavity is necessary to achieve the required rotation of the idler field, and we use the signal recycling interferometer itself as the filter. The required bandwidth and detuning of the signal recycling interferometer withe respect to the idler field is given by [3, 4] :
Parameter setting conditions
The dependence of detuning δ f and bandwidth γ f on the interferometer parameters can be seen in the interferometer reflectivity, which is given by (in the sideband picture) [5] :
where ρ,ρ, τ , andτ describe the reflectivity and transmissivity of the signal recycling cavity. They are given by [5] :
Here, R ITM , R SRM are the power reflectivity of the input test mass mirrors and the signal recycling mirror and the φ SRC is the single trip phase of the idler field in the signal recycling cavity given as:
From Eq. (23), the resonance condition can be derived as:
which determines the detuning δ f . The bandwidth γ f is given by:
where
From Eq. (26) and (27), when the reflectivity of the signal recycling mirror and the input test mass mirror is given, we have the following tunable parameters: (1) detuning of the idler with respect to the signal ∆, (2) arm cavity length L arm , (3) the phase φ SRC . These parameters must be tuned in such a way so that arm cavity and signal recycling cavity must each be resonant with the signal carrier frequency ω 0 thereby the signal channel will not be affected. This means that the length tuning of the signal recycling cavity and the arm cavities (denoted by δL arm and δL SRC , respectively) , starting from their initial lengths (denoted by L 
Also note that Eq.(22) tells us that γ f and δ f depends on δL arm while not on δL SRC . Since L
arm is typically of kilometer scale, thereby δL arm as a small length tuning has negligible effect on the value of required γ f and δ f .
To obtain the required bandwidth γ f , we can tune the φ SRC by tuning ∆ and L SRC in Eq. (25) to satisfy:
or in another form:
which tells us that n, as a tunable degree of freedom, represents how many free-spectral range of signal recycling cavity contained by the idler detuning ∆. In summary, we have three tunable integers: m, n and p. For a fixed value of n, the phase φ SRC only depends on the L SRC = L
SRC + pλ/2, thus the rough range of p can be determined. To obtain the required detuning δ f , we need to further do fine tuning of p and then do a corresponding tuning of q to match the resonance condition Eq. (26) . A sample parameter set is given in Tab. II. We also need to emphasise that the practical parameters setting should be decided considering concrete experimental requirements, and a feedback control system for length tuning needs to be carefully designed, what we have here is merely an example demonstrating that these parameters can in principle be found.
Phase compensation
Note that since the detunedb− field will pick up a phase when it is reflected by the signal recycling cavity, which will contribute an additional rotation angle, we need to compensate this phase by properly choosing the homodyne angle. This fact can be seen by manipulating (23) , given as follows.
Substituting this relation into Eq.(23) leads to:
Note thatρ = |ρ|e iArg[ρ] and |τ 2 − ρρ| = 1, therefore the above r idler ifo can be written as:
Since ΩL SRC /c 1, the φ c dependence on Ω is very weak. Therefore this additional phase can be treated as almost a D-C phase. In our sample example, for compensating this additional phase angle, the phase of the homodyne detector of idler channel must be tuned by φ c = −1.25 rads.
A sample rotation angle
Using the parameters given in Tab. II, we are able to produce the frequency dependent rotation angle for thê b−fields measured by the homodyne detector with local oscillator frequency ω 0 + ∆, as shown in Fig. 6 . This figure demonstrates that the proposed parameters in Tab. II lead to a result that is very close to the required rotation angle. The angle error is also given in the right panel of Fig. 6 , which shows that our result has maximally 0.04 rads angle error in the intermediate frequency band (50-300 Hz), creates a 40% relative correction to the noise spectrum according to our estimation formula Eq. (21), degrading the improvement factor from 12 dB to 10.5 dB. Exact computation shows that the degraded improvement factor is around 11.1 dB. Fig.3 of the main text takes into account of the loss in our system. There are four main loss sources in our design: (1) the loss due to the arm cavity and signal recycling cavity, which currently has the value round 100 ppm (per round trip) and 2000 ppm (per round trip) and has a small effect on the noise, compare to the current filter cavity design which has the value around 1ppm per meter. (2) the input loss comes from the loss of the optical devices in the input optical path and mode mismatch and the readout loss comes from the measurement channel due to the non-perfect quantum efficiency of the photo-detector and the lossy optical devices in the output optical path and also mode mismatch. (3) The phase fluctuation of the local oscillators which are used to measure theâ andb−fields.
LOSS ANALYSIS

Arm cavity loss and signal recycling cavity loss
Similar to what has been discussed in [6] , for the signal channel, 100 ppm round trip loss in the arm cavity corresponds to about 0.3% total loss (considering the circulation of light fields) in advanced LIGO since it works in the resonant sideband extraction mode, which is comparabl to the impact of signal recycling cavity loss (∼ 0.2%) at the interesting frequency band. However, since the large detuned idler field does not resonant with the signal recycling cavity, thereby a more careful simulation is needed. We simulate the effects of these noises in the following Fig. 7 to compare the impact of these different noise sources (a similar figure was also shown in [6] ). Note that at low frequency, the impact of these noises on the idler channel is much less than that on the signal channel, since idler field does not drive the interferometer mirrors through radiation pressure force noise in the interested frequency domain. 
FIG. 6: Left panel:
Rotation angle for theb− field. The blue curve is the result computed using the parameters given in Tab.1 of the main text and exact transfer matrix technique. The red dashed curve is the optimal result of Φrot = −arctanK while the green dashed curve is the rotation angle when we approximate K using broadband approximation as discussed in the main text of this supplementary material. Right panel: Error of the rotation angle. (1)The magenta dotdashed curve is the difference between the analytical result of rotation angle under broadband approximation and the optimal angle ; (2) the blue curve is the difference between the rotation angle computed from our proposed scheme and the analytical result under broadband approximation; (3) the red dashed curve is the difference between the rotation angle computed from our proposed scheme and the optimal analytical result.
Input Loss and readout loss
Let us now investigate the effect of the input loss and the readout loss. The sensitivity curve in Fig. 3 of the main text is computed using numerical transfer-matrix approach [8] . Here for giving an analytical formula, we apply the single-mode approximation which is a very good approximation within one free-spectral-range of the arm cavity. The exact results about the contribution from the input loss and readout loss respectively are shown in Fig. 8 . Since thê a andb fields propagate in a collinear way and share the same optical mode, therefore the input and readout loss of theâ andb−fields are the same, denoted by in (in terms of power) and we have: Expand to the first order of in and r , we have the approximated formula for the degradation of the strain sensitivity as a summation of input loss contribution ∆S (37) and idler beams experience the same loss during their propagation in our scheme, the input and readout losses in our configuration are roughly doubled compare to that of the traditional squeezing scheme with an additional filter cavity.
Phase fluctuation
The classical phase uncertainty of local oscillators in homodyne detection scheme has a very small effect on the sensitivity, proved as follows.
We assume that the phase fluctuation of the local oscillators used for signal and idler detection are independent Gaussian random variables represented by ξ s and ξ i respectively, with zero mean and standard variacne ξ vs and ξ vi , such that their probability density functions are given by: 
For measuring any fieldÔ, the effect of phase fluctuation ξ O in a phase quadrature readout scheme is that the actual detected quadrature is also a random variable which is given byÔ m (t) = −Ô 1 (t) sin ξ O +Ô 2 (t) cos ξ O . The ensemble-averaged variance of the detected quadrature is then [9] :
Now if we use the identities (we assume that ξ vo 1.): 
and the fact that the sin ξ O cos ξ O is an odd function, one can obtain: 
Using the above formula, one can can compute the variance of signal and idler fields. Similarly, the cross correlation between the signal and idler fields (represented byÂ andB) in the phase quadrature readout scheme, accounting for phase fluctuations, is given by: S AmBm = 1 2 dξ i dξ s P (ξ i )P (ξ s ) (Â 1 sin ξ s +Â 2 cos ξ s )(B 1 cos ξ i +B 2 sin ξ i ) .
Because ξ i and ξ s are two independent random variables, the above cross correlation fluctuation leads to:
where we have used the identities:
Substituting Eq. (45) and Eq. (47) into Eq. (18), the final strain sensitivity can be written as: 
The typical experimental rms of the local oscillator phase is taken to be 1.7m rad such as shown in [10] , that means the phase fluctuation quantities in the above formula have an orders of magnitude ∼ 10 −6 rad 2 . For a 15dB squeezer, 1 mrad phase jittering only contributes roughly ∼ 0.5% relative correction to the final sensitivity.
